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GENERAL INTRODUCTION 
Heat and water movement in soil are major factors affecting crop 
production. The amount of heat that moves in soil is related to the 
thermal properties of soil such as thermal diffusivity, thermal conduc­
tivity, and soil heat capacity. All of these soil thermal properties 
vary with soil water content. Water movement in the soil is a function 
of soil water potential which is related to soil water content and hy­
draulic properties such as soil water diffusivity, hydraulic conduc­
tivity, and specific water capacity. Numerous soil physical and chemical 
properties are affected by soil water content (e.g., transport coeffi­
cients of energy and mass, and oxidation potential) (Hillel, 1980). 
Estimations of the soil thermal diffusivity from temperature obser­
vations are often based upon uniform soil heat transfer theory (Van Wijk, 
1963). This theory assumes uniform soil thermal properties with depth. 
The theory is not designed for nonuniform soil analysis. In 1954, Lettau 
introduced a theory for describing the thermal diffusivity in nonuniform 
soil. Lettau's (1954) theory is based upon the heat conduction equation, 
energy continuity equation, and Fourier series. Lettau described the 
spatial distribution of temperature parameters (amplitude, phase angle) 
and the heat flux phase using the second-order Taylor series as an 
interpolation technique. The second-order Taylor series could not 
always describe well the spatial distribution of temperature parameters 
and their first derivative. Also, most of the thermal diffusivity calcu­
lations were based upon using the first harmonic only. The first har­
monic could not always describe properly the time variations of 
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temperature or heat flux. Thus, there are two objectives in estimating 
soil thermal diffusivity. The first is to compare three interpolation 
methods, second- and third-order Taylor series and cubic spline, 
with uniform and nonuniform soil analyses to estimate soil thermal dif­
fusivity using only the first individual harmonic of temperature analysis. 
The second objective is to estimate a single combined thermal diffusivity 
using multi-harmonic with nonuniform soil analysis. 
Thermally induced soil water movement in unsaturated soils is a 
complex phenomenon. From the many formulations of the mathematical model 
describing this phenomenon, the equation proposed by Philip and De Vries 
(1957) has been found most suitable for the problem of water transfer in 
unsaturated soil (Cassel et al., 1969; Radhakrishna et al., 1984). This 
model assumes that the moisture movement in unsaturated soil under a 
thermal gradient consists of two components, namely, vapor phase trans­
port and liquid phase transport. Although the movement of water in non-
isothermal, unsaturated soil has been investigated extensively, there is 
only limited study of water movement under the full combination of water 
content, solute concentration, and temperature gradients. Thus, the 
third objective of this work is to study experimentally the solute con­
centration effect on water redistribution in unsaturated, nonisothermal 
soil conditions. The fourth objective is to develop and to test a theory-
describing water movement in liquid and vapor phases under unsaturated 
nonisothermal, salty soil conditions. 
The study is presented in four sections. The first section en­
titled "Determination of the Apparent Thermal Diffusivity of a Non-
3 
uniform Soil" contains abstract, introduction, materials and methods, 
results and discussion, summary and conclusions, and references subsec­
tions. Figures and tables are included within the text. The second 
section entitled "Composition of Soil Apparent Thermal Diffusivity from 
Multi-Harmonic Temperature Analysis for Nonuniform Soils" contains the 
same format used in Section I. The third section, entitled "Water 
Transport in Unsaturated, Nonisothermal, Salty Soil: 1. Experimental 
Results" contains the same format as the first two sections. The fourth 
section entitled "Water Transport in Unsaturated, Nonisothermal, Salty 
Soil; 2. Theoretical Development" contains abstract, introduction, 
theoretical, materials and methods, observed and predicted steady-state 
water distributions, summary and conclusions, notation, and references sub­
sections. Figures are included within the text. 
These sections are followed by a general summary and conclusions of 
the results. Additional literature used in the general introduction and 
summary and conclusions is cited. 
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SECTION I. DETERMINATION OF THE APPARENT THERMAL DIFFUSIVITY 
OF A NONUNIFORM SOIL 
This paper compares three methods (second- and third-order Taylor 
polynomials and cubic spline) for determining the apparent soil thermal 
diffusivity as a function of depth through the analysis of time-depth 
observations of soil temperature. Three methods are tested by using both 
field data measured in the upper 0.10 m of soil in a corn field and hypo­
thetical data generated by numerical approximation of the partial differ­
ential heat transfer equation. The field and generated data are fitted 
with Fourier series for estimating the temperature parameters (amplitude 
and phase angle of the temperature wave) and the heat flux phase. The 
second- and third-order Taylor polynomials and cubic splines are used to 
estimate the change of the temperature parameters with depth. Theories 
describing heat transfer in uniform and in nonuniform soil both use the 
temperature parameters to calculate soil thermal diffusivity. In gen­
eral, the cubic spline approach provides reliable values of the apparent 
soil thermal diffusivity while the second- and third-order Taylor poly­
nomials for the case of nonuniform soil heat transfer theory sometimes 
provide physically unrealistic negative values. The results also show 
the failure of the uniform soil heat transfer theory (amplitude and phase 
equation) for estimating the thermal diffusivity in nonuniform soil. 
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INTRODUCTION 
There are several methods for estimating the soil thermal diffu-
sivity. One involves a theoretical model that depends upon the volume 
fractions of soil constituents and their shapes (De Vries, 1963). 
Because of the difficulty in estimating shape factors, this method is 
best applied to a soil with a simple structure. Other methods which 
depend upon analytical solutions to the uniform soil heat flow equation 
were developed by Van Wijk (1963) and Singh and Sinha (1977). Horton 
et al. (1983) gave a comprehensive evaluation and comparison of several 
methods. The methods are applicable whenever the soil is uniform in its 
properties. Some of the most important methods of estimating the thermal 
diffusivity in nonuniform soil are based upon soil heat transfer theory 
(Lettau, 1954, 1962; Lettau, 1971). These methods describe the soil 
thermal diffusivity as a function of depth, using the depth variation 
of temperature parameters, temperature wave amplitude and phase, and 
heat flux phase. 
To use the theory of heat flow to determine apparent soil thermal 
diffusivity in nonuniform soil, the depth variation of the temperature 
parameters can be estimated by using Taylor (MacLaurin) polynomials 
(Lettau, 1954), cubic spline polynomials, or any other interpolation 
method. However, the selected interpolation method should describe 
properly the parameters and the first derivative of the parameters with 
depth. There are two criteria for selecting the most appropriate poly­
nomial. The first one depends upon how well the interpolating poly­
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nomials can approximate the measured values of the fitted parameter. 
For example, Fig. 1 shows the interpolated values for the function 
(l/Z) from the use of the second- and third-order Taylor polynomials 
and the cubic spline method compared with the function itself. The 
joining points of the cubic spline are Z = 0.5, 1, 2, 3, 4 (dimension-
less). The second- and third-order Taylor series are interpolated 
around Z = 1. The cubic spline polynomial approximates the function 
well while the second- and third-order Taylor polynomials deviate from 
the function as Z extends away from 1. 
The second criteria depends upon the theoretical error value of the 
polynomials. This error represents the difference between the value of 
the interpolating polynomial and the actual function at the same point 
of estimation. The error value of the second- and third-order Taylor 
polynomials can be calculated by using the following two equations, 
respectively (Burden and Faires, 1985): 
and the error value for the cubic spline is (Johnson and Riess, 1982); 
R(Z) = f^ tç(Z)](Z-Z^)^/3! 
R(Z) = [Ç(Z)](Z-Z_)4/4! 
m 
( 2 )  
( 1 )  
R(Z) f^ [G(Z)]||=, (Z^+^-Z^) 4(5/384) (3) 
where R(Z) = |p(Z) - F(Z)| 
P(Z) = value of the interpolating polynomial at position Z 
F(Z) = value of the actual function at Z 
Z^ or Z^ <Ç(Z) <7 J or ç being any value within the specific 
range 
+ 2 
+ 0 
1 /Z 
SPLINE 
2ND TAYLOR 
3RD TAYLOR 
- 2  
5 3 . 3 1 . 2 1 . 9 2 . G 4 
Figure 1. Comparison among 2nd and 3rd order Taylor and cubic spline polynomials for the inter­
polation of the function (1/Z) 
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f = nth derivative of the function (i.e., f^ represents the 
third derivative) 
and Z^^^ = joining points for the cubic spline 
Z = mean depth 
m 
||f^(C(Z))||a, = maximum value of |f^| in the range of ç(Z). 
According to Eqs. i, 2, and 3, it is clear that the second-order Taylor 
polynomial contributes the greatest error while the cubic spline provides 
the least error. The polynomials can also be used for estimating the 
slope of the measured parameters. However, the error of the polynomial 
slope will be larger than the error of the polynomial itself (Gerald, 
1980). 
Lettau (1954) and Stearns (1969) used second-order Taylor polynomi­
als for describing the spatial temperature parameters. Yet, it seems 
that the third-order Taylor and the cubic spline polynomials are better 
than the second-order Taylor polynomial. Thus, the purpose of this work 
is to evaluate the use of second- and third-order Taylor and cubic spline 
polynomials with heat transfer theory for estimating the apparent soil 
thermal diffusivity through the analysis of soil temperature observations. 
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MATERIALS AND METHODS 
Experimental 
Two approaches were used to evaluate the three methods for deter­
mining soil apparent thermal diffusivity. The first approach was to 
analyze field-measured soil temperature observations. The second 
approach was to numerically generate hypothetical temperature values by 
using the heat transfer equation (i.e., Eq. 5 below) and preassigned 
values for the thermal properties. The first analysis provided results 
for a qualitative comparison, and the second analysis allowed for a 
quantitative comparison of calculated results with the preassigned values 
of thermal properties. 
Observed temperature 
An experiment was performed at the Iowa State University Agronomy 
and Agricultural Engineering Research Center to monitor soil temperature 
in a cornfield. The farm is located 13 km west of Ames, Iowa, and the 
soil is classified as a Webster silty clay loam (Typic Haplaquoll). The 
dimensions of the field are 90 by 27 m. The field selected for the 
study was moldboard-plowed in the fall, followed by spring disking and 
planting, each year for 9 years. During this time, the field was con­
tinuously cropped in corn. Soil temperature was measured hourly with 
copper-constantan thermocouples placed at 0.025, 0.050, 0.075, and 
O.lO m below the soil surface. 
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Numerically generated temperature 
Soil temperature values were generated by using an explicit finite-
difference approximation of the partial differential heat flow equation 
(i.e., Eq. 5 below). Thermal diffusivity was preassigned as a function 
of depth. Temperature values were generated in the same time-depth 
frame as the observed temperature values. 
Analysis of Soil Temperature Observations 
The soil thermal diffusivity may be calculated from the variation 
of the temperature parameters by using heat transfer theory. The heat 
flow equation that describes one-dimensional heat transfer in an iso­
tropic media is: 
C9T/9t = 9( A9T/8Z)/9 Z (4) 
Equation 4 can be written in another form (Hillel, 1980): 
where T is temperature (°C), t is time (s), Z is the depth (m), C is the 
volumetric heat capacity (J/m^°C), X is thermal conductivity (W/m°C), 
2 A 
and K is the apparent thermal diffusivity (m /s), it is equal to —. It 
is commonly recognized that both C and X are not constant but vary with 
soil water content and density. Moreover, in the presence of a tempera­
ture gradient, heat transfer takes place, not only by conduction, but 
also by convection. However, by considering the volumetric heat 
capacity and the thermal conductivity constant, Eq. 5 becomes; 
3T/9t = K9^T/9Z^ (6) 
12 
With the following boundary conditions: 
T(0/t) = T + A sinf/ii-h + A ) (7) 
T( o o ,  t) = T 
m 
( 8 )  
the analytical solution to Eq. 6 is (Van Wijk, 1963): 
T(Z,t) = + A^exp(-z/oj/2K) sin (wt+^Q -z/w/2K) 
where T = mean temperature 
m 
(9) 
= amplitude of temperature wave at the soil surface 
to = radial frequency 
(f)Q = phase angle of temperature wave at the soil surface 
This solution formula (Eq. 9) represents the sustained, periodic 
temperature distribution which remains after the influence of initial 
condition has become negligible. 
The apparent thermal diffusivity may be calculated from the amplitude 
equation (Lettau, 1954): 
where A is the amplitude and (j) is the phase angle of the temperature 
wave. Both A and (p are functions of soil depth. 
To calculate the apparent thermal diffusivity with the amplitude and 
phase equations, the spatial dependency of the temperature parameters 
must be determined. The spatial variations of the temperature parameters 
can be calculated by using a second-order Taylor polynomial; 
K(Z) = w/(2[9(ln A)/9Z]2) ( 1 0 )  
or the phase equation (Lettau, 1954): 
K(Z) = w/[2(3*/3Z)2] ( 1 1 )  
P(Z) = a +b(Z-Z^) + c(Z-Zm)^/2! (12) 
13 
or a third-order Taylor polynomial: 
P(Z) = a + bfZ-Z^) + 0(3-2^)2/2! + 3(2-2^)^/3! (13) 
or a cubic spline polynomial: 
P(Z) = a. + b.(Z-Z.) + c.(Z-Z.)2 + d.(Z-Z.)3 (14) 
where P(Z) are the polynomial values at the depth Z, ZL's are joining 
depths, and a, b, c, and d are coefficients. 
Because Eg. 6 will not necessarily describe the heat transfer 
occurring in nonuniform soil (Lettau, 1954, 1962; Lettau, 1971; Stearns, 
1969; Wiltshire, 1982, 1983), methods based upon Eg. 5 were developed by 
Lettau (1954) to estimate thermal diffusivity in nonuniform soil. 
Lettau's theory depends on some basic eguations such as the heat conduc­
tion equation: 
G = - À8T/3Z (15) 
the energy continuity eguation; 
90/92 = - C 9T/9t (16) 
the Fourier series for describing diurnal temperature variations: 
T(Z,t) = T (Z) + A(Z) sin [a)t + 6(Z)] (17) 
m ^ 
and the Fourier series for describing diurnal heat flux variations: 
G(Z,t) = G (Z) + B(2) sin [tut + g(Z)] (18) 
2 2 
where G (W/m ) is the heat flux density, G^ (W/m ) is the mean heat flux 
density, B is the amplitude of the heat flux density, and g is the phase 
angle of the heat flux wave. 
Lettau (1954) defined two new terms E ( Z) and Ô ( Z )  by manipulating 
mathematically Eqs. 15, 16, 17, and 18: 
e( Z) = - cot [ ( 9(j)/9Z)/( 9ln A/9Z)] (19) 
14 
and 
6(Z) = - cos[(91n B/3Z)/03/3Z) ] ( 2 0 )  
Upon introducing Eq. 18 and the depth derivative of Eq. 17 into 
Eg. 15 with the aid of Eq. 19, the following relation can be obtained: 
Setting E  equal to S and using Eq. 21, Lettau (1954) introduced the 
following equation to estimate the apparent thermal diffusivity of a non­
uniform soil; 
The first derivative of second- and third-order Taylor polynomials 
(Eqs. 12 and 13) and cubic spline polynomials (Eq. 14) for each tempera­
ture parameter and heat flux phase parameter were used with the theory of 
heat transfer in nonuniform soils (Eq. 22) for estimating the thermal 
diffusivity. Also, cubic spline equations were used with heat flow 
theory in uniform soil (Eqs. 10 and 11) for the calculation of the 
thermal diffusivity [K(Z)]. 
B(Z) = (J) - e (21) 
K(Z) = w sin (2e)/[2(9(|)/3Z) (36/9Z) ] ( 2 2 )  
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RESULTS AND DISCUSSION 
Equation 17 was fitted to the measured temperature values to deter­
mine the amplitude (A) and the phase angle ( ) of the temprature wave at 
each depth. Figure 2 shows the fitted sine functions along with measured 
temperature values. The sine waves agree reasonably with the measured 
data. Most of the differences between the fitted values and measured 
data occur near the soil surface. The data are representative of both 
moist and dry field soil conditions. The volumetric water contents of 
both moist and dry were 0.189 and 0.125, respectively, at 0.025-m depth. 
Values of the soil apparent thermal diffusivity obtained from the 
observed temperature for a moist-soil condition are presented in Fig. 
3a. These values are calculated by using second- and third-order Taylor 
series (Eqs. 12 and 13), and a cubic spline (Eq. 14) technique with heat 
transfer theory (Eq. 22). All three methods show the thermal diffu­
sivity to vary curvilinearly with depth. This depth dependence of 
thermal diffusivity is expected because, in this nonuniform soil, both 
soil water content and bulk density increase with depth. All three 
methods give similar values for the thermal diffusivity above a depth of 
0.085 m. Slight discrepancy in the values between the three methods 
occurs below a depth of 0.085 m. 
Figure 3b shows the apparent soil thermal diffusivity obtained from 
the observed temperature for a dry-soil condition. These values of 
diffusivity are also calculated using second- and third-order Taylor 
series and a cubic spline method with heat transfer theory (Eq. 22). 
Unlike the moist-soil condition results, the values of diffusivity differ 
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Figure 2. Predicted (solid lines) and measured (symbols) temperature 
values as a function of time for moist (a) and dry (b) soil 
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Figure 3. Soil thermal diffusivity as a function of depth using second-
and third-order Taylor and cubic spline methods with nonuni­
form analysis under moist (a) and dry (b) soil conditions 
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for the three methods. The cubic spline method is the only method that 
provides realistic apparent thermal diffusivity values that increase 
with depth and are in the range of literature data. Results from the 
second- and third-order Taylor series show physically unrealistic nega­
tive values of thermal diffusivity. Both of the Taylor series methods 
produce negative values at the 0.025- and 0.10-m depths, with some 
positive values at the intermediate depths. The increase in the cal­
culated error for spatial positions away from the mean depth follows 
from an application of Eqs. 1 and 2. Thus, these negative values are 
due to the limited ability of the second- and third-order Taylor series 
to describe the spatial variation of the temperature parameters in non­
uniform soil. Because the cubic spline method can more closely approxi­
mate the depth relationship of the temperature parameters, it provides 
more reasonable values for the thermal diffusivity. 
Soil thermal diffusivity values obtained from the observed tempera­
ture for a moist-soil condition are shown in Table 1 as determined by 
amplitude ( E q .  1 0 ) ,  phase ( E q .  1 1 ) ,  and standard nonuniform soil (Eq. 2 2 )  
analyses. The cubic spline method is used for smoothing the soil tem­
perature parameters in all three cases. Results from the application 
of the uniform soil heat transfer theory, phase equation, agree well 
with the standard nonuniform analysis, whereas results from a similar 
application of the amplitude equation do not. The differences between 
the results of the amplitude and phase equations are due to the inability 
of the uniform soil theory to describe heat transfer in nonuniform soil 
(Lettau, 1954; Lettau, 1971). Even though the uniform soil theory 
19 
Table 1. Values of thermal diffusivity, K(Z) 2 , in m /s X 4 10 , for a 
moist-soil condition as determined by uniform and nonuniform 
soil analyses with the cubic spline smoothing technique 
Depth 
Volumetric 
water Uniform 
m content Amplitude Phase Nonuniform 
0.025 0.189 .0029 .0043 .0042 
0.050 0.237 .0031 .0048 .0047 
0.075 0.267 .0039 .0059 .0059 
0.100 
-
.0045 .0068 .0068 
itself fails to fully describe the heat transfer in a nonuniform soil, the 
results of the phase equation indicate a positive potential for applying 
uniform soil heat transfer theory to an analysis of apparent thermal 
diffusivity as a function of depth under this moist-soil condition. 
Table 2 shows values of thermal diffusivity in dry soil as deter­
mined by use of uniform soil heat transfer theory and standard nonuni­
form soil heat transfer analysis. The cubic spline method is used as a 
smoothing technique in both cases. The calculated value of diffusivity 
at the O.lO-m depth from use of the amplitude equation is approximately 
3 times the calculated value from using nonuniform soil analysis. The 
values determined by the phase and amplitude equations are different 
from each other. Again, this difference can be considered as failure 
of the uniform soil theory to describe heat transfer in nonuniform soil. 
Thus, uniform soil heat transfer theory should not be applied to esti­
mate depth-varying thermal diffusivity. 
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Table 2. Values of thermal diffusivity, K(Z) in m /s x 10 , for a 
dry-soil condition as determined by uniform and nonuniform 
soil analyses with the cubic spline smoothing technique 
Depth 
m 
Volumetric 
water 
content 
Uniform 
Amplitude Phase Nonuniform 
0.025 0.125 .0011 .0019 .0028 
0.050 0.163 .0014 .0015 .0027 
0. 075 0.182 .0041 .0018 .0032 
0.100 - .0127 .0035 .0042 
Figure 4 shows the numerically generated soil temperature values 
from the use of a finite difference approximation to the nonuniform 
soil heat flow equation, Eq. 5, with preassigned values of the thermal 
diffusivity (Lettau, 1971). The data are generated for the same depths 
as the field data. 
Table 3 and Figure 5 show thermal diffusivity values as calculated 
by nonuniform analysis (Eq. 22) for the numerically generated tempera­
ture values. The calculated values derived from the cubic spline method 
best represent the first increasing and decreasing shape of the pre­
assigned diffusivity function with depth. The second-order Taylor poly­
nomial provides the worst overall estimate of the actual soil thermal 
diffusivity. The calculated value of diffusivity at the O.lO-m depth 
using the second-order Taylor series is approximately 150% of the exact 
value. The comparative effectiveness of the three methods can be 
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Figure 4 .  Computer-generated temperature values from the numerical solution to the heat flow 
equation (Eq. 5) 
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Table 3. Values of thermal diffusivity, K(Z) in m^/s x 10^, deter­
mined by cubic spline and Taylor polynomials with nonuni­
form soil analysis and compared with preassigned diffusivity 
values (Ks) 
Spline 2nd Taylor 3rd Taylor 
m K(Z) K(Z)/Ks K(Z) K(Z)/Ks K(Z) K(Z)/Ks 
0.025 .0045 .94 .0047 .97 .0039 .81 
0.050 .0058 1.01 .0053 .92 .0063 1.11 
0.075 .0064 .94 .0061 .89 .0065 .96 
0.100 .0053 1.10 .0071 1.47 .0042 .88 
evaluated by comparing the sum of the squared differences between the 
exact and calculated values of the soil thermal diffusivity. The ratios 
of the sum of the squared differences for the second- and third-order 
Taylor series to the cubic spline method are 12 and 3.3, respectively. 
Overall, the values of thermal diffusivity calculated with the cubic 
spline method are in best agreement with the preassigned or exact values. 
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Figure 5. Thermal diffusivities calculated from generated temperature data using second- and 
third-order Taylor series and cubic spline method; the exact (preassigned) values 
of thermal diffusivity are also shown 
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SUMMARY AND CONCLUSIONS 
Three methods were used to describe the depth variation of soil 
temperature parameters (temperature wave amplitude and phase) and heat 
flux phase to estimate soil thermal diffusivity with nonuniform soil 
heat transfer theory. These methods were tested by using both field and 
numerically generated temperature values. The results derived from 
field data were used in a qualitative comparison between the methods, 
whereas the results derived from the numerically generated values were 
used in a quantitative comparison of the methods' abilities to match 
preassigned values of soil thermal diffusivity. 
Using the field observations, the second- and third-order Taylor 
series provided unrealistic negative thermal diffusivity values, whereas 
the cubic spline method provided reasonable values. These differences 
in thermal diffusivity values among the three methods can be explained 
in part by the error associated with each method to approximate spatial 
dependence of the temperature parameters. For generated values, the 
cubic spline was also in best agreement with the exact values of 
thermal diffusivity. 
Although the results using the uniform soil phase equation were 
somewhat similar to the results of the standard nonuniform soil 
analysis, it is obvious that the uniform soil heat transfer theory 
failed to accurately describe the soil heat transfer in nonuniform soil. 
Thus, the use of uniform soil theory to determine thermal properties 
of nonuniform soil should generally not be used. 
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Overall, the cubic spline method associated with standard non­
uniform soil heat transfer theory provided the best estimates of 
soil thermal diffusivity in nonuniform soil among the studied methods. 
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SECTION II. COMPOSITION OF SOIL APPARENT THERMAL DIFFUSIVITY FROM 
MULTI-HARMONIC TEMPERATURE ANALYSIS FOR NONUNIFORM SOILS 
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ABSTRACT 
This paper presents a new method for combining the individually 
determined harmonic by harmonic values of thermal diffusivity obtained 
from a multi-harmonic analysis of temperature observations into a single 
combined value of thermal diffusivity for each soil layer or depth. The 
new method uses Fourier analysis and variance fractioning of soil tem­
perature observations. First, temperature observations are described 
by Fourier series. Next, soil apparent thermal diffusivity for each 
harmonic is calculated using nonuniform soil heat transfer analysis. 
Finally, the harmonic associated values of soil apparent thermal dif­
fusivity are combined by using a weighted average approach into a single 
overall composite value of apparent diffusivity. The weighted average 
thermal diffusivity is determined by weighting individual harmonic values 
according to the variance fraction of the temperature observations de­
scribed by the associated harmonic. The variance fraction of soil 
temperature observations described by a given harmonic can be calculated 
as the ratio of one-half the squared amplitude (the square of the ampli­
tude for the last harmonic) to the total variance. Thus, the method is 
general in that n-harmonics (where n implies a variable number) can be 
used. 
This paper presents applications of the method for determining soil 
apparent thermal diffusivity by analyzing field temperature observations 
from nonuniform soil profiles. 
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INTRODUCTION 
Soil thermal diffusivity is an important heat transport parameter 
because it affects soil temperature distribution (Horton et al., 1983) 
and soil heat flux density (Horton and Wierenga, 1983). Soil thermal 
diffusivity is associated with conductive heat transfer while soil 
apparent thermal diffusivity is a transport parameter that includes the 
thermal diffusivity but additionally incorporates nonconductive heat 
transfer processes (Jackson and Kirkham, 1958). 
Carson (1963), Wierenga et al. (1969), and Kirkham and Powers (1984) 
have obtained estimates of apparent thermal diffusivity by applying heat 
transfer theory for uniform soil. These researchers used Fourier or 
harmonic analysis of temperature observations in order to estimate 
apparent thermal diffusivity. Lettau (1954) and Stearns (1969) also 
used Fourier or harmonic analysis to estimate soil apparent thermal dif­
fusivity; however, their analyses are based upon heat transfer theory for 
nonuniform soil. Harmonic analysis of temperature observations has been 
a common method for estimating soil apparent thermal diffusivity. 
Fourier series have been used to describe time variance of soil 
temperature (Carson, 1963). A finite number of harmonics can completely 
describe a finite set of temperature observations. Most of harmonic 
analysis methods for estimating apparent thermal diffusivity use a 
harmonic by harmonic approach. That is, each harmonic is individually 
analyzed, and a value of apparent thermal diffusivity is estimated for 
each harmonic. One problem resulting from this approach is that the values 
of apparent thermal diffusivity are different for each harmonic. Another 
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problem is that an individual harmonic estimate of apparent thermal 
diffusivity can be less than zero (Lettau, 1954). Physically, the soil 
should have a single, positive value of apparent thermal diffusivity at 
a specified position and time. Thus, methods that combine several 
individual harmonic values of apparent thermal diffusivity into a single 
overall value are desired. 
Horton et al. (1983) described a method for determining a single 
value of soil apparent thermal diffusivity based upon multi-harmonic 
analysis. Their approach was to use theory for heat transfer in uniform 
soil and curvefit a multi-harmonic expression to observations using a 
nonlinear least squares method. The method was shown to provide reason­
able estimates of apparent thermal diffusivity in uniform soil profiles. 
The method is based upon soil heat transfer in uniform soil and is not 
generally applicable to nonuniform soil. A method to estimate a single 
combined thermal diffusivity in nonuniform soil profiles is needed. 
In this paper, a method is proposed for determining a single com­
bined value of apparent thermal diffusivity of nonuniform soil. The 
method is easier to apply than nonlinear regression. 
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MATERIALS AND METHODS 
Two different sets of experimental data were used to evaluate the 
newly proposed method. In the first experiment, soil temperature was 
measured in a relatively uniform soil profile under grass cover. In 
the second experiment, soil temperature was measured in a nonuniform soil 
profile with bare surface. 
Experiment 1 
Soil temperature was measured hourly at several depths below a 
grass-covered surface (Horton and Wierenga, 1983). The values of 
temperature parameters (amplitude and phase) at depths 0.01 and 0.05 m 
were determined and analyzed. 
Experiment 2 
Temperature was measured every half hour in the upper 1.25 m layer 
of soil (Wierenga, 1958; data of Sept. 2, 1967). The field was bare and 
nonirrigated. Soil temperatures measured at depths of O.Ol, 0.02, 0.05, 
0.10, 0.15, and 0.20 m were selected for estimating soil apparent 
thermal diffusivity. 
Analysis of Soil Temperature 
The type of analysis most commonly applied to the periodic variation 
of soil temperature is "harmonic analysis." According to mathematical 
principles, any function which exists at every point in an interval can 
be represented by an infinite series of sine and cosine functions 
(Fourier series). For harmonic analysis, soil temperature at any 
depth Z is assumed be described by harmonic functions of time t such as 
M 
T(Z,t) = T (Z) + Z [C (Z) cos (nait - * (Z))] (1) 
n=l " 
where T(Z,t) is the soil temperature; T^^Z) is the depth-dependent mean 
temperature; C^(Z) is the depth-dependent amplitude of the nth harmonic 
of temperature; is the depth-dependent phase angle of the nth 
harmonic; M = N/2, where N is total number data points; n is the har­
monic number; and O) = 2 TT/P, where P is the period of the first harmonic. 
Uniform soil analysis depends upon an analytical solution of the 
uniform soil heat transfer equation. Two equations for calculating the 
individual harmonic thermal diffusivities of soil (Horton et al., 1983) 
were used. The first is the amplitude equation; 
Kn = (y^)[AZ/(ln X)^]^ (2) 
where is the thermal diffusivity as a function of harmonic n; AZ is 
the distance between two depths (upper and lower depths); X is the ratio 
between the amplitudes of the temperature wave at the upper and lower 
depths. The second is the phase equation; 
where At is the difference between the times of maximum temperature 
occurring at the lower and upper depths. The two values of thermal 
diffusivity a1, each harmonic obtained from Eqs. 2 and 3 were averaged 
together to provide single values of thermal diffusivity at each 
harmonic. These single values of thermal diffusivity at each harmonic 
were combined together into a single overall value of thermal 
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diffusivity for the soil. 
Nonuniform soil heat transfer theory as developed by Lettau (1954) 
was used to estimate the individual harmonic thermal diffusivities for 
the observed temperatures in the nonuniform soil. 
The temperature parameters (amplitude and phase angle of the tem­
perature wave) and phase angle of the heat flux wave were smoothed using 
a cubic spline method as described in Nassar and Horton (1988) before 
determining (9^/9Z) and (9g/9Z). 
Determination of a Single Combined Thermal Diffusivity Value 
Two methods of calculating a single combined value of thermal dif­
fusivity from multi-harmonic analysis are included. The Horton et al. 
(1983) method based upon nonlinear regression was used with uniform soil 
heat transfer theory. Also, a new method is suggested for calculating a 
single combined value of soil thermal diffusivity. The new method uses 
a weighted mean of individual harmonic thermal diffusivities. The frac­
tion of total diurnal temperature variance described by each harmonic 
(Eg. 1) is used to weight each associated harmonic thermal diffusivity 
when estimating mean thermal diffusivity. 
2 The total variance at each depth [s (Z)] of the temperature wave 
was calculated using the following eguation (Panofsky and Brier, 1958): 
K^(Z) = ntu sin(2e^)/[20(j)y 8Z) ( 96^az) ] (4) 
(5) 
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2 M-1 2 
El (Z) = ( z C /2) + (6) 
n=l " ^ 
The variance fraction of the soil temperature observations described 
by a given harmonic can be calculated as the ratio of one-half the 
squared amplitude (the square of the amplitude for the last harmonic) 
to the total variance. 
A single combined thermal diffusivity (weighted average) can be 
determined by weighting individual harmonic values of thermal diffusivity 
according to the appropriate variance fractions of the temperature ob­
servations. Equation 7 below can be used for calculating a combined 
value of soil thermal diffusivity as a function of depth [K^(Z)]. 
K ^ ( Z )  =  [ (  Z  o \ )  »  2  2 ^ 2  ( 7 )  
n=l 
Both methods, Horton et al. (1983) and the new weighted 
average approach, were applied to the temperature values of the uniform 
soil profile. The values obtained by the two methods were compared to 
each other. The new method alone was applied to the observed tempera­
ture values from the nonuniform soil profile. 
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RESULTS AND DISCUSSION 
Table 1 shows values of amplitude, phase angle and total variance 
as calculated using Eq. 6 for the field observations of experiment 1. 
These values were used to calculate the individual harmonic thermal 
diffusivities. 
Table 2 shows values of apparent thermal diffusivity for the ob­
served temperatures from experiment 1 using Eqs. 2 and 3. The combined 
values of thermal diffusivity are shown also. The individual thermal 
diffusivities at each harmonic differ from one another. Second har­
monic values are less than first harmonic values for both days. Third 
harmonic values are less and more than the first harmonic values for 
day 1 and 2, respectively. The values of combined thermal diffusivity 
obtained from the Horton et al. (1983) method and the new method are 
similar. The combined values are also very similar to the first har­
monic values of thermal diffusivity. This is because for these data the 
first harmonic accounted for a large fraction of the overall temperature 
variance. Thus, the first harmonic value of thermal diffusivity receives 
the most weight in the newly proposed averaging procedure. The finding 
that the new method values are similar to the Horton et al. values is 
evidence for the usefulness of the new method. The new weighted method 
needs fewer calculations than the Horton et al. (1983) method. Because 
the new method compares well to the Horton et al. (1983) method, the 
new method will be used to calculate combined soil thermal diffusivity 
from nonuniform soil analysis. 
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Table 1. Values of amplitude (C^ ), phase angles d'n ) and total variance 
(s^) for temperature observed at 0.01- and 0.05--m depths under 
a grass cover 
Day 1 Day 2 
Harmonic .01 m .05 m . 01 m .05 m 
n C 
n ^n 
C 
n On C n 'I'n 
C 
n "tn 
1 4 .19 3.71 2.73 3.34 3.33 3 .87 2.08 3.47 
2 1 .08 0.58 0.51 -0.09 1.24 0 .63 0.68 0.09 
3 0 .25 3.04 0.13 2.60 0.04 2 .76 0.03 1.08 
2 
s 9 .42 3.87 6.31 2.39 
Nonuniform soil heat transfer theory is used to calculate values of 
thermal diffusivity from observed temperature values of the nonuniform 
soil profile. Results are presented in Table 3. At each depth pre­
sented, the thermal diffusivities differ from harmonic to harmonic. The 
second harmonic values of thermal diffusivity are the largest. The 
third harmonic values of thermal diffusivity are the least. At depth 
0.20 m, the third harmonic value of thermal diffusivity is negative. 
Even though negative values of soil thermal diffusivity have no physical 
meaning, some appear from the analysis of data (Lettau, 1954). The new 
method (Eg. 7) provides a positive single value of thermal diffusivity 
at each depth. The single combined thermal diffusivity values in 
Table 3 are slightly larger than the first harmonic thermal 
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Table 2. The individual (K^), combined (Kg) thermal diffusivities 
(m^/s X 10^) using the new and Horton et al. (1983) methods 
with the uniform soil analysis for temperature observations 
(experiment 1) 
Harmonic Day 1 Day 2 
n Eq. 2 Eq. 3 Average Eq. 2 Eq. 3 Average 
1 .0032 .0042 .0037 .0026 .0036 .0031 
2 .0021 .0006 .0013 .0032 .0009 .0021 
3 .0041 .0010 .0025 .0211 .00006 .0106 
K ^ 
c 
.0036 .0030 
K ^ 
c 
.0035 .0031 
^The average values of Eqs. 2 and 3 at each harmonic. 
^The values are calculated using the new method (Eq. 7). 
"^The values are calculated following Horton et al. (1983). 
diffusivities at most of the depths. Large values for the second 
harmonic thermal diffusivities cause this. The largest relative dif­
ference between combined values and first harmonic values of thermal 
diffusivity is 29% at a depth of 0.01 m, but the actual difference 
value of diffusivity is only 5 x 10 ^ m^/s. 
The combined and first harmonic values of thermal diffusivity were 
used along with finite difference approximation of the nonlinear heat 
transfer equation for generating temperature values. The generated 
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Table 3. Individual (K^) and combined (K^,) thermal diffusivity 
(m^/s X 10^) using the new method as determined from field 
temperature observations with nonuniform soil heat transfer 
analysis for temperature observation (experiment 2) 
Depth 
m 
n 
Harmonic n 
K 
(Kc-Kl)/*! 
% 
0.01 
0 . 0 2  
0.05 
0.10 
0.15 
0 . 2 0  
.0017 
.0019 
.0037 
.0031 
.0037 
.0043 
.0087 
.0039 
.0042 
.0046 
.0042 
.0084 
.0004 
.0004 
.0006 
.0046 
.0006 
.0004 
.0022 
.0021 
.0038 
.0031 
.0038 
.0043 
29 
11 
3 
0 
3 
0 
The column shows relative differences between the first harmonic 
values and combined values of thermal diffusivity. 
temperatures were compared with the 
The sum squared differences between 
were 112.5 and 123.8 using the comb 
fusivities, respectively. 
observed values at depth 0.02 m. 
the generated and observed values 
ned and first harmonic thermal dif-
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SUMMARY AND CONCLUSIONS 
A method has been presented to determine the soil thermal diffu-
sivity by combining the results obtained from individual harmonics into 
a single value. The method was evaluated using temperature observations 
from uniform soil profiles and the method was shown to be applicable to 
temperature observations from a nonuniform soil profile. The new 
method proved to be useful because a number of harmonic thermal diffu-
sivity values can be grouped into a single combined value. "Negative 
values" of thermal diffusivity can be satisfactorily handled and elim­
inated by this method. The new method is simple to use and is applicable 
to both uniform and nonuniform soil conditions. 
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SECTION III. WATER TRANSPORT IN UNSATURATED, NONISOTHERMAL, SALTY SOIL: 
1. EXPERIMENTAL RESULTS 
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ABSTRACT 
This paper presents observed soil moisture redistribution within 
unsaturated soil in response to imposed boundary temperatures. Both 
salinized and solute-free soil conditions are studied. Two different 
uniform initial soil water contents and solute concentrations are used 
for the salinized soil experiments. Likewise, two different uniform 
initial soil water contents are used for solute-free soil experiments. 
High and low boundary temperatures are similar for all of the soil 
column experiments. Thus, the experiments are designed to observe 
directly thermal, soil matric, and osmotic impacts on redistribution 
of soil water. 
In all cases, appreciable amounts of water move in the direction 
of decreasing temperature within the soil columns. This is not a gen­
eral rule or soil water movement but a result of the uniform initial 
water content, presence of solute and the imposed boundary temperatures. 
For both solute-free and salinized soils, the net amount of transported 
water to achieve steady-state conditions is greater for low initial 
water content than for high initial water content. Therefore, the 
steady-state variations in the soil moisture content increased by de­
creasing the initial moisture content. When the same initial water 
content is used for both salinized and solute-fiee soils, the net water 
transported to achieve steady-state conditions is greater for the solute-
free soil than for salinized soil. These observations indicate clearly 
that solute concentration affects soil water transport with unsaturated, 
nonisothermal conditions. 
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INTRODUCTION 
The movement of moisture in unsaturated soil is an important 
phenomenon which has received much investigation. Many experiments and 
analyses of water transfer have been performed for isothermal conditions. 
Fewer transport studies have been performed for nonisothermal conditions. 
Much remains to be done in examining the combined thermal, soil matric 
potential, and osmotic potential gradient effects upon soil water 
movement. 
The study of water movement in unsaturated soil has been based gen­
erally on Darcy's law. Richards (1931) introduced a potential energy 
equation for water movement by combining Darcy's law with the continuity 
equation. Klute (1952) modified the potential energy equation into an 
isothermal diffusion equation. The latter has been used by several in­
vestigators to determine the isothermal liquid diffusivity (Bruce and 
Klute, 1955; Whisler et al., 1968; McBride and Horton, 1985). Obtaining 
the liquid water diffusivity is an important parameter for describing flow 
and redistribution of water in soil. 
Water movement under nonisothermal conditions is the result of inter­
actions among various forces. An approach was developed by Philip and 
De Vries (1957) for describing water and heat movement under nonisothermal 
conditions. Their approach is based on the concept of viscous flow of 
liquid water under the influence of gravity, capillary, and adsorptive 
forces and on the concept of vapor movement by diffusion. Gurr et al. 
(1952) and Kuzmak and Sereda (1957) studied independently the mechanisms 
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of water movement under temperature gradients using salt as a tracer in 
closed soil columns. They explained that water moved as a vapor from 
the warm end, and that when suitable soil moisture tension gradients 
developed, liquid water carrying salts moved from the cold towards the 
warm end. In Gurr et al.'s (1952) studies, the maximum net transfer of 
water from the hot towards the cold end occurred in columns when initial 
water contents were approximately one-third of the soil moisture equiva­
lent. The magnitude of temperature gradient on soil water movement under 
unsaturated condition was studied by Gary (1965). He found that a tem­
perature gradient of 0.5°C/cm at a soil moisture suction of 34 cm Hg 
would move as much water through a Columbia loam soil as a pressure 
gradient of 250 cm of water per cm. Thus, temperature gradients can have 
a significant influence upon unsaturated soil water transport. 
Salt concentration gradients may be a major contributor to water 
movement in soil. Salt concentration gradients often occur where evapora­
tion of water occurs. Kemper and Rollins (1966) reported that the ability 
of salt concentration gradients to cause solution movement through 
Wyoming Bentonite clay is increased by (1) saturating the clay with mono­
valent rather than divalent cations, (2) using divalent rather than 
monovalent anions, (3) decreasing the water content of the clay, and 
(4) decreasing the average concentration of the bulk solution. They 
also reported that for their experimental conditions, the soil water 
pressure potential needed to be less than -5 bars before the osmotic 
potential gradient would cause significant soil water movement. Low 
(1955) stated that when the solute is completely restricted by the porous 
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medium, osmotic potential differences were as effective as hydraulic 
pressure differences causing water to move through clay under isothermal 
conditions. In studying water flow in a porous ceramic filter, Jackson 
(1967) reported that soil water flow could deviate from Darcy type flow 
due to the presence of salt. In laboratory studies on Fort Collins clay 
loam and Rocky Ford sandy loam soils, Qayyum and Kemper (1962) reported 
that there was a diffusive movement of moisture to the salt-bearing 
surface at soil moisture content less than 0.5 of field capacity and a 
viscous flow at soil moisture contents higher than 0.5 of field capacity 
in closed soil columns. 
In summary, temperature and osmotic gradients can induce water flow. 
As water moves, heat and solute are transported, thus altering driving 
gradients. Interactions among thermal, soil moisture, and osmotic 
effects exist and they differ for the liquid and vapor phases. Apparent­
ly, limited experimental studies of soil water movement under the full 
combination of temperature, solute, and water gradients exist. To initi­
ate such studies and improve our understanding of the interactions, we 
performed experiments to observe directly the effect of solute on water 
redistributions for nonisothermal, unsaturated soil conditions in com­
parison with water redistributions for nonisothermal, unsaturated, 
solute-free soil conditions. 
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MATERIALS AND METHODS 
Laboratory experiments of heat and mass transport were performed 
under temperature gradients in closed column systems using salinized 
and solute-free soil. Temperature, soil water content, and solute 
concentration were determined after obtaining steady-state conditions 
of energy and mass within the horizontal soil columns. 
Salinized Soil 
Ida silt loam soil (fine-silty, mixed (calcareous), mesic Typic 
Udorthents) was air-dried, passed through a 1-mm screen, and mixed 
thoroughly. Potassium chloride solution was prepared, sprayed upon, and 
mixed with two soil batches until volumetric water contents of 0.144 
(moist) and 0.103 (dry) were obtained as initial conditions. The potas­
sium chloride was applied to obtain 0.794 and 1.111 molal initial solu­
tion concentrations within the moist and dry soil batches, respectively. 
The moisturized salinized soil batches were covered and stored at 20°C 
for more than 48 hours. Soil was packed into 14-cm long and 4-cm diame­
ter PVC columns. Three soil columns as replicas were used for each of 
the moist and dry initial conditions. The uniformity of soil packing was 
checked with gamma ray attenuation measurements (Cassel et al., 1969). 
The soil columns were sealed at both ends using copper disks to com­
plete the closed soil systems. Figure 1 is a schematic of the closed 
soil system. One thermocouple was sealed to each copper disk to measure 
the boundary temperatures at 0.0 and 14 cm. Also, another 4 thermocouples 
were radially centered at longitudinal positions of 4, 8, 10, and 12 cm 
THERMOCOUPLES 
ICE WATER CONTAINER 
SOIL COLUMN INSULATION 
MATERIAL 
COPPER DISK 
I 
H 
i 
HOLDER 
Figure 1. Schematic of the soil column with connected thermocouples 
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from one end. The columns were wrapped with 2-cm thick insulation 
material to reduce radial heat losses. One thermocouple per column was 
radially positioned to measure the soil column wall temperature and to 
observe directly whether radial heat loss was negligible. Soil columns 
were positioned horizontally with one end connected to a large vertical 
plexiglass column and the other end exposed to a constant room tempera­
ture. The large vertical plexiglass column was packed with an ice and 
water mixture to achieve the cold boundary temperature condition and the 
constant room temperature was used to achieve the hot boundary tempera­
ture condition for the soil columns. Throughout performing the ex­
periments, an ice-water mixture and the room temperatures were maintained 
to provide constant boundary temperatures. Temperature measurements 
were monitored and recorded using datalogging equipment (Autodata Ten/5 
Calculating Datalogger, ACUREX Autodata, 485 Clyde Ave., Mountain View, 
CA 94042). 
A preliminary study was performed to define the time of steady-state 
transfer of heat and mass. In that study, the soil columns were sec­
tioned after 28, 35, and 42 days of constant boundary temperature condi­
tions. There were no changes in water, solute, and temperature distribu­
tions between these three time durations. Therefore, a standard time 
length of 31 days of controlled boundary temperatures was used for all 
of the soil column experiments reported herein. After 31 days, each soil 
column was sectioned into 1-cm increments. Soil water content was de­
termined gravimetrically in each increment by drying soil at 105°C for 
24 hrs. The chloride concentration was determined in each increment in 
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1 to 5 soil to water extracts using a digital chloridometer (HAAKE 
Buchler, 244 Saddle River Road, Saddle Brook, New Jersey 07662). 
Solute-Free Soil 
The same soil type used for the salinized soil experiments was mois­
turized with distilled water to 0.152 (moist) and 0.117 (dry) as 
initial soil water contents. Two soil columns as replicas were used 
for each of the moist and dry initial conditions. The total soluble 
salt in saturated soil solution extracts was less than 0.1 mmhos/cm. 
This solute concentration was considered to be negligible in comparison 
to the solute concentrations of the salinized soil experiments. The 
solute-free soil column studies were performed with similar boundary 
temperatures and time durations as the salinized soil experiments. 
All soil columns were weighed before and after performing the ex­
periments. Weight comparisons verified directly that there were no 
losses or gains of soil water during the experiments. 
To enable the data to be analyzed in Section IV of this work, some 
empirical eguations were used to describe the steady-state temperature 
and water distributions. The following empirical equation was found to 
describe the soil temperature distributions: 
T ( x ) = a x ' ^ + b x ^  ( 1 )  
T is soil temperature at distance x from the cold end of soil column and 
a,b, and c are empirical coefficients determined by least squares 
regression. 
For each column of moist salinized and solute-free soils, equation 2 
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was fitted by least squares regression to the steady-state water content 
observations. 
0(x) = A + B (1/(1+(D x)G))F (2) 
0 is the volumetric water content at distance x from the cold end of 
soil columns and A, B, D, E, and F are empirical coefficients. 
Because of high spatial variations of solute concentrations, cubic 
spline polynomials were used to describe the solute concentration dis­
tributions in Section IV analyses of this work. 
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RESULTS AND DISCUSSION 
The initial soil water contents, solute concentrations, boundary 
temperatures, average soil bulk densities, and the time durations of 
the soil column experiments are shown in Table 1. The boundary tem­
peratures for all of the soil columns were similar. 
Because steady-state distributions of temperature, water, and solute 
were similar for all replicas within each treatment, data from only 
one column per treatment will be presented. Figure 2 presents the 
steady-state soil temperature distributions obtained for the experi­
ments. All of the columns gave temperature distributions similar in 
shape showing nonlinear spatial increases from the cold to the hot ends 
of soil columns. The dry salinized soil column had slightly larger 
temperature than the other columns due to slightly larger boundary tem­
peratures. For conductive heat transfer in homogeneous media, linear 
temperature distributions would occur. Since the soil columns were 
spatially uniform in bulk density, the nonlinear distributions of soil 
temperature are associated with nonuniform distributions of soil water 
(Figs. 6, 7, and 8). Temperature deviations from linearity result from 
the dependence of soil thermal properties (volumetric heat capacity and 
thermal conductivity) upon soil water content. Figure 3 displays the 
temperature observations for moist salinized soil along with the fitted 
model (Eg. 1). The empirical equation describes the soil temperature 
distributions well. 
Figure 4 presents the steady-state solute concentration distributions 
obtained for the moist salinized soil columns. Net solute movement was 
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Table 1. Boundary temperatures, initial soil water content, initial 
solute concentration, average bulk densities (BD), and time 
duration of the experiments 
Experiment 
Water 
content 
condition 
Temperature, °C 
Hot Cold 
Initial 
water 
by vol. 
Initial 
conc. 
molal 
BD 3 
Mg/m 
Dura­
tion, 
day 
Salinized Moist 19.02 8.93 0.144 0.794 1.04 31 
soil 
Dry 19.46 9.32 0.103 1.111 1.08 31 
Solute-free Moist 18.96 9.19 0.151 1.09 31 
soil 
Dry 19.03 9.36 0.117 1.07 31 
in the direction of increasing soil temperature. At steady-state, the 
cold ends had lower solute concentration than the hot ends. Accumula­
tion of solute towards the hot end reveals that there is movement of 
water in the liquid phase from the cold end towards the warm end by con-
vective transport. Diffusion of solute must exactly counterbalance the 
opposite direction of convective transport to achieve the zero net 
fluxes required for these steady-state conditions. Liquid convective 
transport of solute can be driven by matric and osmotic components of 
the soil water potential gradient, while net diffusion of solute is due 
to concentration gradient. Both convective and diffusive transport co­
efficients are expected to vary nonlinearly with water contint. 
The initial soil water content affected the steady-state solute dis­
tributions. Figure 5 presents the steady-state solute contents in dry 
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and moist salinized soil columns. The solute contents are presented in 
moles/kg of dry soil to clearly show how solute moved without any dilu­
tion masking effect. For the moist initial condition, the solute distri­
bution was similar to that presented in Figure 4. For the dry initial 
condition, the solute content increased sharply from the cold end for 0.04 
m, decreased in the 0.04 to 0.08 m range, and then remained relatively 
constant. Gurr et al. (1952) used chloride as a tracer while investigat­
ing soil water transport in response to temperature gradients. Their 
chloride distributions within a loamy soil were similar to our observed 
dry soil solute distributions. For a dry initial condition, the solute 
moved towards the hot end until 0.04 m from the cold end and was deposited 
when the liquid water changed to vapor phase. In the 0.08 to 0.14 m re­
gion of the dry initial soil column, the steady-state solute contents 
were similar to the initial solute contents. This observation is an evi­
dence that very little convective liquid transport occurred in this dry 
region of soil. Observations indicate that convective transport occurred 
throughout the entire moist soil columns. 
Figure 6 presents the steady-state distributions of soil water 
content within the moist salinized and solute-free soil columns. The 
water content distributions indicate that appreciable amounts of water 
moved from the hot ends towards the cold ends of the soil columns for 
both salinized and solute-free soils. More net movement of soil water 
occurred in the moist solute-free soil than in the moist-salinized soil 
(Fig. 6). These observations clearly show that solute concentrations 
affected soil water movement within the columns. 
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Figure 7. Measured steady-state and initial water contents for the salinized soil columns 
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The initial soil water content also affected the steady-state water 
redistributions and net water movement in the salinized and solute-free 
soil columns. Figures 7 and 8 present the steady-state water distribu­
tions in salinized and solute-free soil columns, respectively. Dry 
initial soil water content resulted in a large range of water contents at 
steady-state water distribution as compared to these associated with 
moist initial soil water content. This effect of initial soil water 
content on the steady-state water distributions is in accord with that 
found by Gurr et al. (1952). These differences in steady-state water 
contents are associated with soil water diffusivities and fluxes of the 
vapor and liquid phases. For dry initial soil water content, the vapor 
diffusivity is higher and liquid diffusivity lower than for moist 
initial soil water content. For similar temperature gradients, vapor 
flux is expected to be greater for the dry initial condition than for 
the moist initial condition. This large vapor flux within the dry 
initial water content requires large soil water gradients to allow liquid 
transport in the opposite direction to net vapor transport in order to 
achieve steady-state. Because liquid diffusivity decreases with water 
content, larger water content gradients are required in dry soil than in 
moist soil in order to cause the same liquid flux density. 
Mechanisms of water movement under temperature gradients in the 
closed solute-free soil columns are different from the mechanisms in 
closed salinized soil columns. In the closed solute-free soil columns, 
heat and water transport occur in response to boundary temperatures. 
Heat can pass through the system but matter can only be redistributed 
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Figure 8. Observed steady-state and initial water contents for the solute-free soil columns 
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within the column. During the early period for redistribution, tem­
perature gradients cause vapor density gradients as well as matric 
potential gradients to develop within columns. The vapor density 
gradient allows water vapor to move from the hot end to the cold end 
or in the direction of decreasing temperature. However, once there is 
transport of vapor, subsequent condensation of vapor to liquid occurs. 
Nonuniform distributions of liquid water develop in the system. These 
nonuniform distributions of water in the system decrease the vapor 
density gradients towards the cold end while matric potential gradients 
develop in the opposite direction. As the transport continues, the hot 
end dries while the cold end wets (Fig. 6). Finally, the tendency is for 
net vapor transport to occur from the hot to the cold end while net 
liquid transfer occurs from the cold to the hot end. Heat continues to 
pass through the system in response to the constant boundary tempera­
tures. The system seeks a steady-state condition with zero net flux 
of water at all positions. Thus, the vapor flux and the liquid flux 
are the same magnitude but occur in opposite directions. 
In the closed salinized soil columns, solute concentration also 
affects associated vapor pressure and total water potential. Heat 
and mass redistribute within the soil columns in response to the imposed 
temperature gradients. Again, water initially moves as a vapor in the 
direction of decreasing temperature. Once this occurs, the total water 
potential gradient decreases with time and eventually liquid flow occurs 
in a direction against the temperature gradient while vapor continues to 
move with the temperature gradient. As the water redistributes in the 
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soil column, the solute redistributes also. While the solute can only 
move in the liquid phase, the water moves in liquid and vapor phases. 
When water vapor transport occurs, solution is diluted where vapor 
condensation occurs. The solute concentration becomes nonuniform in 
space; thus, it has a nonuniform effect on the associated vapor pres­
sure and soil total water potential. There is a "feedback mechanism" 
impacted on vapor transport by the presence of solute. The greater the 
vapor transport the greater the solute concentration gradient in the 
direction of the vapor transport. The solute gradient changes the 
osmotic potential in opposite direction to the vapor density. This 
causes a reduction in the vapor density gradient, thus, a reduction in 
vapor flux. 
The degree to which nonuniformity of solute distribution is effec­
tive in causing osmotic pressure differences is directly related to the 
degree to which the solute is restricted by the solid phase of the soil-
water system. This restriction is largely electrostatic within a clay-
water system. The effective osmotic water potential depends upon the 
water film thickness (water content), the radius of the water molecule, 
and the hydrated radius of the solutes. In these studies, as water vapor 
condenses towards the cold end, the water film thickness decreases towards 
the hot end of soil columns. Decreases of soil water film thickness pro­
duce some restriction for solute movement by diffusion. So, partial 
restriction for solute is expected. This partial restriction produces 
osmotic potential decreases toward the hot end. Thus, the water moves 
in liquid phase towards the hot end of soil columns in part due to this 
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osmotic potential gradient. 
Directions of matric, osmotic, and thermal gradiates are shown in 
Figure 9. These directions are based upon the steady-state distribu­
tions of temperature, solute concentration, and soil water content in 
Figures 2, 4, and 6, respectively. The thermal gradient is in opposite 
direction to both the matric and osmotic potential gradients. For 
steady-state conditions to exist within closed soil columns, the net 
water flux must be zero at all longitudinal positions. Thus, the thermal 
gradients must support the net vapor transport at a flux density equal to 
the sum of the net liquid flus density supported by the water and solute 
gradients, but in an opposite direction. 
To determine whether solute had any effect on liquid and vapor 
transport, the experimental data of Figure 6 are examined. If there is 
no solute effect on water movement, the soil water content distributions 
should be the same within the solute-free soil and the salinized soil. 
It is clear that the soil water redistributions are different. There 
is a solute effect on water movement. As already explained, the presence 
of solute will decrease the vapor density gradient, thus decreasing vapor 
flux. The osmotic water potential gradient is in the direction opposite 
to that for net vapor transport. So, a larger water potential gradient 
is required to produce the balancing liquid flux in the direction oppo­
site to vapor flux in solute-free soil than in salinized soil. Thus, 
the solute effect on water transport in nonisothermal, unsataurated, 
salty soil can be shown by observing the differences in water distribu­
tions for the cases with and without the presence of solute (Fig. 6). 
COLD END HOT END 
MATRIC OSMOTIC TEMPERATURE 
Figure 9. Steady-state directions of decreasing matric and osmotic water potential and 
temperature gradients within closed salinized soil columns 
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SUMMARY AND CONCLUSIONS 
The effects of temperature gradients on steady-state distributions 
of water in soil have been studied in closed columns using both 
salinized and solute-free soil. Under these conditions, there was net 
transfer of water toward the colder end of the soil columns while net 
solute transfer was towards the hotter ends. 
These results are considered to be due to a net transfer of water 
from hot soil to cold soil, in which water evaporating from the hotter 
soil moves as a vapor into colder soils, where it condenses and returns 
as a liquid when a favorable gradient of matric and osmotic potential 
has been established. The experimental data verify that, indeed, liquid 
water flux and vapor flux exist and do not equal zero. The evidence is 
the nonuniformity of the steady-state solute distribution within the 
column. Convective transfer of solute must exactly counter diffusive 
transfer in order to maintain steady-state. Net transport of water is 
greater for low initial soil water content than for high initial soil 
water content. The steady-state soil water distributions are different 
among the salinized and solute-free soil columns. The amount of water 
that moves towards the cold end of solute-free soil columns is higher 
than for salinized soil columns. Differences between the solute-free 
and salinized soil in the amounts of water transferred are due to the 
differences in the water driving force for the two situations. With 
solute-free soil, the driving forces are related to soil water and soil 
temperature gradients. For salinized soil conditions, the driving 
forces are associated with temperature, water, and solute gradients. 
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The presence of solute clearly affected the observed steady-state 
soil water redistributions. Section IV of this work presents theory 
for describing and evaluating water movement in unsaturated, noniso-
thermal, salty soils. 
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SECTION IV. WATER TRANSPORT IN UNSATURATED, NONISOTHERMAL, SALTY SOIL: 
2. THEORETICAL DEVELOPMENT 
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ABSTRACT 
Theory describing both vapor and liquid phases of moisture trans­
fer in porous materials is developed. The theory includes two equations. 
The equations extend previous work which only considered moisture and 
temperature gradients by also including solute concentration effects. 
The new equations include six diffusivities to be considered in de­
scribing vapor and liquid movement in soil. Three liquid diffusivities 
are for liquid phase flow associated with water content, temperature, 
and solute concentration, and three vapor diffusivities are for vapor 
phase flow. 
Steady-state heat and mass transfer laboratory experiments were 
performed using moist salinized and solute-free closed soil columns 
(see Section III). From observations of water content, temperature, 
and solute distributions, five of the diffusivities (vapor diffusivities 
due to temperature, water, and solute, and liquid diffusivities due to 
temperature and solute) are determined. The isothermal liquid dif-
fusivity as a function of soil water content is determined indepen­
dently in a separate experiment. In general, the liquid water diffu-
sivities are larger than the vapor diffusivities for the experimental 
conditions considered. 
For the soil conditions investigated, the water fluxes due to the 
solute gradients are nearly equal to the water fluxes due to the tem­
perature gradients within salinized soil columns. The water fluxes re­
sulting from gradients in soil water content are small in comparison 
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to the other fluxes. 
To test the validity of the theory, two different approaches are 
used. The first approach involves using water diffusivities of moist 
solute-free soil along with the new theory to predict steady-state water 
distributions within moist salinized soil for comparison to observations. 
The predicted values of soil water content are in good agreement with the 
observed values. The second approach is to predict steady-state soil 
water distributions within the moist salinized soil column while 
neglecting the solute effects on soil water movement. The predictions 
using this approach are markedly different from the experimental 
observations. 
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INTRODUCTION 
Prediction of soil water movement has largely been based upon theory 
of isothermal water movement which neglects water movement in response 
to temperature gradients. However, water can also move in response to 
molecular forces, such as thermal and osmotic gradients. Thus, the 
transport processes of water occurring within soil pores are complex. 
No quantitative study including the full combined effects of osmotic 
potential, matric potential, and temperature on soil water movement has 
been conducted. 
Philip and De Vries (1957) developed theory to account for inter­
actions of heat and water movement in porous media. Their theory took 
into account the influence of the thermal gradient on both vapor and 
liquid transfer. The theory included two simultaneous nonlinear partial 
differential equations which included four different moisture-temperature 
dependent diffusivities describing moisture movement under combined 
moisture and thermal gradients. 
Experimentally, Cassel et al. (1969) evaluated the Philip and 
De Vries theory for describing moisture movement in Columbia fine sandy 
loam under a range of low soil water content. They found that cal­
culated values of the diffusion coefficients using observed data were 
three times higher than theoretically predicted. Even so, they stated 
that within experimental error, the observed net fluxes of moisture were 
in agreement with the values obtained from the Philip and De Vries theory. 
Jackson et al. (1974) evaluated the same theory under field con­
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ditions using Avondale clay loam soil with a wide range of soil water 
content. They reported that the Philip and De Vries theory predicted 
the water flux in good agreement with measured values at intermediate 
soil water contents while isothermal theory predicted water fluxes in 
wet and dry soil better than the Philip and De Vries theory. 
Osmotic water potential gradients in unsaturated soil, particular­
ly in soil with high clay content, would be important driving forces for 
water movement. Low (1955) introduced a model describing water move­
ment under water pressure and osmotic potential gradients. He stated 
that when the solute is completely rmstricted, the osmotic potential 
differences were as effective as hydraulic pressure differences causing 
water to move through clay suspensions with isothermal conditions. 
Weeks et al. (1968) studied water and salt transfer in unsaturated 
Pachappa soil under temperature gradients. The initial average suction 
head was 405 cm water and the electrical conductivity of saturated ex­
tract of soil was 2.32 mmhos/cm. They developed an equation for de­
scribing water transfer in such a soil based upon the thermodynamics of 
irreversible processes. Their equation included water transfer under 
temperature and matric gradients only. They assumed that associated 
water transfer due to salt gradients was negligible under the conditions 
of their study. However, results of Section III of the present work 
showed a distinct solute effect on steady-state water distributions in 
soil. 
Thus, evidence available in the literature along with results from 
Section III of this study show that movement in unsaturated, noniso-
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thermal, salty soil can depend upon combinations of matric potential, 
thermal, and osmotic potential differences. Because natural soil condi­
tions generally include nonisothermal, unsaturated and variable solute 
concentrations, further investigation is in order. This section pre­
sents theory describing quantitatively water transfer in unsaturated, 
nonisothermal, salty soil. The specific objectives of this study are to: 
1. Develop and test theory describing soil water movement in 
vapor and liquid forms under the full combination of water 
content, solute concentration, and temperature gradients; 
2. Determine the associated theoretical soil water transport coef­
ficients from observed steady-state redistributions of water, 
temperature, and solute concentration in soil columns; and 
3. Determine the magnitudes of water fluxes due to water gradients, 
solute concentration gradients, and temperature gradients within 
selected soil columns and experimental conditions. 
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THEORETICAL 
When isothermal unsaturated soil in a closed system, initially at a 
uniform moisture content and solute concentration, is subjected to a 
temperature gradient, moisture transfer occurs in both liquid and vapor 
phases and the distributions of soil water and solute become spatially 
nonuniform (see Results of Section III). 
Theory will be developed to describe steady-state moisture fluxes in 
unsaturated, nonisothermal, salty soil. The notation is very similar 
to that of De Vries (1958). Subscripts L and V refer to liquid and vapor 
phases, respectively. 
Water Vapor Transfer 
Factors such as soil temperature and solute concentration affect 
vapor flow within unsaturated soil. The quantity of water vapor diffus­
ing through soil due to temperature and solute concentration gradients 
can be described using a modified form of Pick's law of diffusion ex­
pressed as (Campbell, 1985); 
q^ = -D n a V Py (1) 
2 
where q^ = water vapor flux density, kg/m s ; 
2/3 0(8) = (soil porosity -6) , is a factor accounting for tortuosity, 
after Lai et al. (1976); 
a = air-filled porosity which is a function of volumetric 
liquid soil water content, 0; 
3 Py = density of water vapor, kg/m ; 
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2 D = molecular diffusivity of water vapor in air, m /s; and 
V = gradient operator. 
The molecular diffusivity of water vapor in air, D, can be found 
from the relation (Kimball et al., 1976): 
D = 229 X 10"^ (T/273.15)^*^^ (2) 
where T = absolute temperature, K. 
In the presence of solute in the soil, the total water potential 
at a given elevation is a function of soil matric potential and osmotic 
potential. The total water potential of soil can be expressed as follows; 
* •o '3, 
where = total water potential, m; 
il = matric water potential, m; and ïïl 
= osmotic water potential, m. 
This combined potential can be estimated directly from the vapor 
pressure of the water in the unsaturated soil. The vapor pressure of 
water is lowered by interaction with solid matrix and by the solute it 
contains (Marshall and Holmes, 1979). Thus, the following thermodynamic 
expression relates to water potential for equilibrium conditions between 
liquid and vapor phases for soil solution; 
RT/(M g)ln h = RT/(Mg)ln h + RT/(M g)ln h (4) 
r m o 
where M = molecular weight of water (0.018015 kg/mole); 
R = gas constant (8.3143 J/mole K); 
2 g = gravitational constant (9.81 m/s ); 
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= f(ip^tT), relative humidity due to total water potential; 
h^ = f(jp^rT), relative humidity due to soil matric potential; and 
h^ = relative humidity due to osmotic potential of the 
soil solution. 
Equation 4 simplifies to; 
^  \  ^  ( 5 )  
Further, the matric relative humidity can be expressed (Philip and 
De Vries, 1957) as: 
h = exp(g M ^ /R T) (6) 
m m 
and the osmotic relative humidity (Noggle, 1985) as: 
h^ = exp(-M V <ti C) (7) 
where v = number of ions per molecular for ionizing solutes (i.e., 2 for 
K CI); 
<}) = osmotic coefficient, dimensionless; and 
C = molal concentration of solute. 
Osmotic coefficients for common solutes are given by Robinson and 
Stokes (1965, p. 483). 
From thermodynamic considerations, when the liquid and vapor phases 
of water in the soil pores are in equilibrium, the vapor density can be 
expressed as the product of saturation vapor density and the relative 
humidity, h^, that: 
Py = Pg h, (8) 
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Substituting Eq. 5 into Eq. 8, we have 
Py = ho (9) 
where = 10 exp(19.84 - 4975.9/T), is the saturated water vapor 
3 density, kg/m , after Kimball et al. (1976). 
Differentiating Eq. 9 with space and using the chain rule, the 
following equation can be obtained; 
dp dh dh 
VPy = hm ho FiT JêT + Ps (1°) 
The change of relative humidities with temperature is negligible (Philip 
and De Vries, 1957). For this reason, these changes are not included 
in Equation 10. 
Differentiating Eq. 6 with respect to 9, we have 
d h /d9 = Mg/(RT)h d^ /d8 (11) 
m mm 
and differentiating Eq. 7 with respect to C gives; 
d h^/d C = -M V <j) h^ (12) 
Substituting Eqs. 11 and 12 in 10, we have 
dp d i p  
% ^ \ ^ ^ \ "s V ve - M vet, h^ h^ VC (13) 
Combining Eqs. 1 and 13 with the substitution of Eq. 5 and dividing 
both sides by p we have 
Dfiah dP MDfiah gp dip Dfiah p M (pv 
9V/PL = - - p^ RT " d6- ^ (14) 
3 
where = density of liquid water (kg/m ); 
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denoting d p^/d T as we rewrite Eq. 14 as: 
Dfiah MD^ah go d\p Dfiah p M AvVC 
Vp, - - TT ÏF^ 
The first term on the right-hand side of Eq. 15 represents the 
thermally induced vapor flux, the second and third terms the isothermally 
induced vapor fluxes due to matric and solute concentration gradients, 
respectively. The thermally induced vapor flux needs to be corrected 
due to the microscopic temperature gradients across the air-filled pores 
which are effective in promoting vapor diffusion. These microscopic 
gradients can significantly exceed the macroscopic temperature gradients 
in the medium by a factor, n, greater than 1. This suggests that the 
thermal flux of vapor should be multiplied by n. The value of n for soil 
has been calculated as a function of water and clay content (Cass et al., 
1984, as quoted by Campbell, 1985) as follows: 
n = 9.5 + 6 e - 8.5 exp(-((l + 2^)6)'^) (16) 
where cl = clay fraction in the soil. 
Multiplying the first term of Equation 15 by n gives: 
Dfiah MDOah gp dip Dflah p M èv 
or 
"v/p, ' -°TV" - °SV * "cv 
where 
DOagnh 
D = — (19) 
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2 is the thermal vapor diffusivity, m /s K; 
Dnap hg d$ 
»8V = M p.RT 28- (:0) 
2 is the isothermal vapor diffusivity (m /s); and 
Map h 
Dcv = (21) 
is the vapor diffusivity in soil due to solute concentration in 
2  — 1  — 1  
m kg s mole 
The right-hand side of Equation 18 defines the contributions to 
vapor flux due to gradients of temperature, water, and solute, respec­
tively. Thus, the previous equation can be used for describing water 
vapor transfer in unsaturated, nonisothermal, salty soil. 
Liquid Water Transfer 
For deriving an expression for vertical direction flow of liquid 
water under temperature and solute concentration gradients, we begin 
with Darcy's law for unsaturated soil as follows: 
q^/p^ = -K V (22) 
2 
where q = liquid flux, kg/m s; and 
K = K(0), the hydraulic conductivity of soil as a function of 
soil water content at a constant temperature. 
With solute present in the soil solution, the osmotic water poten­
tial is an important component in the total water potential. So, the 
total water potential in vertical direction is the summation of the soil 
8 1  
matric potential, the osmotic water potential, and the gravitational 
potential. The following equation can be used: 
*t = *. + ' 2 
where = \p(6,T), the soil matric potential, m; 
Z = the gravitational potential, m ; 
\p^ = \p(C,T), the osmotic potential of the soil solution, m. 
By differentiating Eq. 23 with space in vertical direction, we have: 
dijj dijj 
VT . JJFFI V9 . 3^ TO . 5^ VT H. 1 (24) 
In the water content range where transport of water in the liquid 
state will occur, the magnitude of d il/ /d T can be found from the rela-
m 
tion between the soil matric potential and surface tension of water 
where : 
^ = 2Y/r (25) 
m 
where r = radius of curvature of the water-air meniscus, m, and 
2 Y = the surface tension of water, J/m . The change of soil matric 
potential with temperature can be expressed as follows (Philip and 
De Vries, 1957 ) : 
d T = }p^/Y d y/d T (26) 
where 1/y d y/d T = the temperature coefficient of th;: surface tension 
of water, C° ^ . 
The following relation was used to describe the relationship be­
tween soil matric potential and soil water content at constant tem­
perature (Van Genuchten, 1980): 
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ip„ = i (27) 
Now, the change of soil matric potential with soil water content 
can be calculated by differentiating Eq. 27, 
0 - 0  
where 0 = 
9s -8 r 
0^ = residual volumetric soil water content; 
0g = saturated volumetric soil water content; 
0 = volumetric soil water content; and 
m, n, a are curve-fitting coefficients. 
The osmotic potential for an infinitely dilute solution is related 
to the solute concentration and temperature by the relation of van't 
Hoff as follows (Low, 1955); 
4)^  = _V ()) c T R/g (28) 
Differentiating Eq. 28 with respect to C, we have: 
d C = - V  (f> T R/g (29) 
and with respect to T: 
d T = -V (p C R/g (30) 
Substituting Eqs. 26, 29, and 30 into Eq. 24, we have: 
Combining Eq. 22 and Eq. 31, the following equation can be found; 
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VT f K ^  VC - (32) 
Pj^ Y dT d 0 g g 
where k = unit vector in the positive vertical direction. 
The third and fourth terms of Equation 32 should be multiplied by a 
coefficient less than 1 because the solute is not completely restricted 
by the soil (Kemper and Evans, 1963). This coefficient is used to 
estimate the degree to which an osmotic pressure would be efficient in 
reducing the hydraulic pressure of soil water. By assuming that water 
exists as a film around soil particles, this coefficient can be cal­
culated as follows; 
o = (r^ - r^)/(b - r^) (33) 
where a = osmotic efficiency coefficient; 
r^ = hydrated radius of solute molecule; 
r = radius of water molecule; and 
w 
b = half of thickness of water film. 
Multiplying the third and fourth terms of Equation 32 by a gives: 
^ VT + K VC - Kk (34) 
or 
%/. ' - °TL - "BL'® + VC _ K Z (35) 
where 
2 is the thermal diffusivity, m /s K; 
(l-m)K 0^/2-1/m 
°eL° n«(e - e ) [(i-e /")-' + (i-e /")" -2] (37) 
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2 is the isothermal liquid diffusivity in m /s; 
Kg = saturated hydraulic conductivity, iti/s; 
Dq l  = K a V (J) r T/g ( 3 8 )  
Liquid water diffusivity due to solute concentration in kg S~^ mole"^ 
K = Kg /©" [l-(l-0l/*)*]2 ^ (39) 
is the unsaturated hydraulic conductivity in m/s. 
The right-hand side of Equation 35 defines the contributions to 
liquid flux arising respectively from gradients of temperature, water 
content, solute concentration, and gravity. 
Total Water Flux 
Combining Eqs. 18 and 35, we get an expression for net water flux 
under temperature, soil matric potential, osmotic water potential, and 
gravity gradients as follows: 
q^/p = - VT - Dg ve + Vc - Kk (40) 
2 
where q^ = net water flux, kg/m s, taking both phases into account: 
°T ~ ^ TV ^TL (41) 
2 is the thermal moisture diffusivity, m /s K; 
De = Dev + °8L (42) 
2 is the isothermal moisture diffusivity, m /s; 
°C = C^V = ''CL (43) 
is the moisture diffusivity due to solute, m^ kg S~^ mole"^. 
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The terms of the right-hand side of Eq. 40 describe water 
fluxes in both phases due to temperature, soil water content, solute 
concentration, and gravity gradients, respectively. 
The principle of mass conservation can be expressed in the follow­
ing form of the continuity equation as: 
d 0/d t = - (44) 
where t = time, s. 
Substituting Eq. 40 into Eq. 44 produces a general partial dif­
ferential equation for net water flux in soil under the combined 
influence of temperature, moisture, solute concentration, and gravity 
gradients as: 
d 0 / d t  =  V ( D ^ V T )  +  V ( D g  V 0 )  -  V ( l ) ^  V C )  +  V  K  ( 4 5 )  
For steady-state of energy and mass, Eq. 45 can be reduced to: 
V  ( D ^  V T )  +  V  ( D g  V 0 )  -  V  ( D ^  V C )  +  V  K  =  0  ( 4 6 )  
Equations 18, 35, 40, 45, and 45 reduce exactly to the equations of 
Philip and De Vries in the absence of a solute concentration. Also, 
the equations of the water transport coefficients (Eqs. 19, 20, and 36) 
can be reduced for use with unsaturated nonisothermal solute-free soil 
(Philip and De Vries theory condition). Hence, these newly developed 
equations can be applied under the suggested assumptions for the Philip 
and De Vries theory. So far as the authors are aware, no previous 
equations have expressed quantitatively the contributions of full com­
bination of soil water content, solute concentration, and temperature on 
water movement in soil. 
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Determination of Thermal Liquid Diffusivity 
Philip and De Vries (1957) calculated the thermal liquid diffu­
sivity under unsaturated, nonisothermal conditions based upon a surface 
tension model. However, many researchers have noted that the model 
underestimates measured values of thermal liquid diffusivity. Wilkinson 
and Klute (1962) found the temperature coefficient of matric potential 
to be twice as large as the surface tension prediction for sand and silt 
fractions. Also, Jury and Miller (1974) found the dependence of water 
potential upon temperature to be as much as five times larger in sandy 
soil than predicted by the surface tension model used by Philip and 
De Vries. 
Another method for determining the thermal liquid diffusivity is 
based upon theory for steady-state transport of energy and mass within 
a horizontal (equal gravity potential throughout) closed soil system. 
For steady-state horizontal transport, the net water flux is zero along 
the soil column and Equation 40 becomes: 
Equation 48 can be reduced to calculate the thermal moisture diffusivity 
in unsaturated nonisothermal solute-free soil as follows: 
- D^ VT - Dg 70 + D^ VC = 0 (47) 
Solving Eq. 47 for D^ provides: 
D^, = (-D 98 + D^VC)/V T (48) 
^ (-Dg? 0)/V T (49) 
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From equations 41 and 48, the thermal liquid diffusivity can be calcu­
lated using the following equation; 
T^L T^V 
Equation 50 indicates that the thermal liquid diffusivity can be 
evaluated from steady-state measurements of moisture, temperature, and 
solute concentration distributions and the knowledge of other water 
diffusivities. Also, it can be used with Philip and De Vries theory 
after neglecting the solute effect. Equation 50 will be used for esti­
mating the thermal liquid diffusivity in this work. 
The theory developed herein is based upon the concept of viscous 
flow of liquid water under the influence of capillary, adsorptive, and 
osmotic forces and on the concept of vapor movement by diffusion. It 
describes unsaturated soil water movement in the presence of solute 
concentration and temperature gradients. The theory includes six water 
diffusivity coefficients, three for liquid phase transfer and three for 
vapor phase transfer. 
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MATERIALS AND METHODS 
In order to calculate water transport coefficients and to test the 
theory, the hydraulic properties of a soil material were determined and 
experiments were performed. Soil water redistributions within closed 
columns containing either moist salinized or moist solute-free soil 
materials were obtained (experimental details are included in Section 
III). All of the observations were analyzed after obtaining steady-state 
conditions of energy and mass within the horizontal soil columns. 
Hydraulic Properties of Soil 
A soil water retention curve was determined using compressed air 
with fritted glass funnels and a pressure plate apparatus (Hill et al., 
1985). These methods were used for a soil water matric tension range 
of 0.0 to 150.0 m of water at approximately 20°C. The tension range 
of 0.0 to 3.3 m of water was achieved using compressed air and fritted 
glass funnels while a range of 5.0 to 150.0 m of water was obtained using 
a pressure plate apparatus. The soil moisture content, 8, as a function 
of the soil matric tension, ^  , was described by the following relation 
m 
(Van Genuchten, 1980): 
8 = 8^ + (8g _ 0^)/[l + (#^)"]'" (51) 
Figure 1 shows the functional relationship for soil water content versus 
matric tension using equation 51 and the observations. 
Saturated hydraulic conductivity, K^, of the soil was measured in 
3 laboratory soil columns (bulk density 1.160 Mg/m ) using a constant head 
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Figure 1. Observed and fitted (solid line) soil water characteristic curve 
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method (Klute and Dirksen, 1986). The observed mean value of K was 
s 
0.265 X 10 m/s. Based upon the retention curve and the saturated 
hydraulic conductivity data, isothermal liquid diffusivity for Ida 
silt loam soil was calculated (Van Genuchten, 1980). 
The soil specific surface area was measured using an EGME adsorp­
tion method (Carter et al., 1986). The measured value of specific 
2 
surface was 101 m /g. This value of specific surface area was used 
with the volumetric soil water content to estimate the average thickness 
of water film surrounding soil particles. 
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OBSERVED AND PREDICTED STEADY-STATE WATER DISTRIBUTIONS 
Experimental observations of steady-state distributions of tempera­
ture, water content, and solute concentration within both solute-free and 
salinized soil columns were reported in Section III. These results pro­
vide experimental evidence that solute affects water redistribution and 
both liquid and vapor fluxes within soil. 
Theory developed within this section of the thesis provides a 
means to describe mathematically the effects of solute concentration 
gradients upon liquid and vapor fluxes and soil water redistribution. 
So, a simple test for the theory developed herein is to use the theory 
to predict the steady-state water content distributions for the moist 
salinized soil columns and compare predicted and observed water content 
distributions. The theory requires knowledge of six transport parameters; 
Dql' Dgy, D^^, D^y, D^^, and D^^, along with the gradients of water 
content, temperature, and solute concentration in order to predict net 
liquid and vapor fluxes. For the case of steady-state flow of water 
within closed soil systems, the net water flux is zero. Therefore, 
zero net water flux is achieved by the water vapor flux being equal in 
magnitude but opposite in direction to the liquid water flux. To carry 
out the predictions, the water transport coefficients of the moist 
solute-free soil, D^^ (Eg. 21), D^^ (Eq. 38), the steady-state tempera­
ture and solute concentration, and the boundary water contents of the 
moist salinized soil were used to solve the governing transport equation 
(Eq. 46 after neglecting the flux due to the gravity potential) by finite 
difference approximation. The water transport of the moist solute-free 
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soil must be corrected to include the fluxes associated with solute 
gradients. Equations 19, 20, and 37 were used for calculating the 
corrected D , and D respectively. Equation 49 was used to 
calculate for the moist solute-free soil. Application of Eq. 49 
requires knowledge of Dg, and the gradients of temperature and water 
contents. These gradients were calculated using equations 1 and 2 in 
Section III for the temperature and water content, respectively. Again, 
must be corrected to include the water fluxes due to solute gradients. 
According to Eq. 50, can be calculated by knowledge of and 
Philip and De Vries theory (assuming no solute effect) was also used 
for the predictions of the steady-state water content within the same soil 
system. The predictions using Philip and De Vries theory were compared 
with the predictions using the new theory and observed values. 
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RESULTS AND DISCUSSION 
The steady-state soil water, solute, and temperature values for the 
moist salinized soil systems (reported in Section III) along with the 
hydraulic soil properties will be used to obtain the necessary inputs 
for determining the soil water diffusivities and magnitude of water 
fluxes. The validation of the newly developed theory will be based upon 
both results of the moist salinized and solute-free soil systems. 
Figure 2 shows calculated vapor diffusivities for the moist sal­
inized soil columns. The vapor diffusivities due to temperature, water, 
and solute are calculated using Eqs. 19, 20, and 21, respectively. 
Under the conditions of this study, all of the vapor diffusivities in­
crease from the cold end towards the hot end of soil columns. This is 
generally due to the soil water content distributions. Lower soil water 
content is associated with larger air-filled porosity, and vapor diffu-
sivity increases with air-filled porosity. Comparing the three vapor 
diffusivities, the thermal vapor diffusivity is the largest and the 
vapor diffusivity due to solute is the least. 
Figure 3 presents calculated liquid diffusivities for the moist 
salinized soil column. The liquid diffusivities due to temperature, 
water, and solute are calculated using Eqs. 50, 37, and 38, respec­
tively). In general, the isothermal liquid diffusivity is the largest 
while the thermal liquid diffusivity is the least. The liquid diffu-
sivities due to water and solute decreased from the cold end towards the 
hot end of the soil column as soil water content decreased, and the 
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Figure 3. Liquid diffusivities of the moist salinized soil column 
96 
maximum thermal liquid diffusivity occurred at a distance of 0.04 m from 
the cold end of the column. The calculated values of isothermal liquid 
diffusivity from this study are in the range of values of Indio loam 
soil as reported by Gardner and Mayhugh (1958). Also, the calculated 
thermal liquid diffusivities are in the range of the values reported 
by Shapiro and Hsi (1979) for Palouse silt loam soil. The distributions 
of liquid diffusivities due to water and solute reflect a strong depen­
dency of the coefficients upon soil water content. 
Figure 4 shows the magnitudes of calculated water vapor fluxes 
associated with thermal, water, and solute components for the moist 
salinized soil column. The vapor fluxes are calculated from values of 
vapor diffusivity and the essential variable gradients. The isothermal 
vapor flux increases from the cold end towards the hot end (decreasing 
soil water content). This increase is due to the dependency of the vapor 
pressure gradient (vapor density) on soil water content. The vapor 
fluxes due to solute concentration gradients vary in a wavy manner along 
the column. These variations are due to the solute distribution. There 
are only small changes in the thermal vapor flux with soil water content 
for the conditions of this study. The thermal vapor fluxes are the 
largest while the isothermal vapor fluxes are the least. 
Figure 5 shows the magnitude of liquid water fluxes associated with 
thermal, water, and solute components for the moist salinized closed 
soil system. In general, all of the fluxes increase with increasing soil 
water content. The thermal liquid flux is equal to the summation of 
fluxes due to solute concentration and water content. The values of 
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fluxes depend upon two components, the gradient of variable and the values 
of liquid water diffusivity. Since the temperature gradient is the 
largest, the thermal liquid flux is the largest. Also, the liquid flux 
due to solute concentration is greater than the isothermal liquid flux 
because, for this study, the gradient of solute concentration is larger 
than the soil water gradient. Within these moist salinized soil column, 
the driving forces due to thermal and osmotic potential gradients could 
be more important than those associated with the matric potential gradient. 
Figure 5 presents a comparison between observed steady-state soil 
water content distributions within the moist salinized soil column and 
predicted water content distribution using both the newly developed theory 
and the Philip and De Vries theory. Diffusivities determined from a 
transport study in solute-free soil are used to make the predictions 
shown in Figure 6. Philip and De Vries theory is applied directly to 
calculate the steady-state water content distribution in the salinized 
soil column. For predictions with the new theory, the diffusivities are 
corrected for the presence of solute. The water diffusivities as 
adjusted with the newly developed theory predict successfully the ob­
served soil water content distribution. The agreement between the pre­
dicted and observed values of steady-state water content provides some 
evidence for the validity of the newly proposed water transport coeffi­
cients. These coefficients are useful in describing soil water movement 
under steady-state conditions. Further work should be performed to test 
their usefulness under transient conditions. Water fluxes due to solute 
gradients are neglected in the Philip and De Vries theory. Therefore, 
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the predictions of steady-state water distribution using the Philip 
and De Vries theory are completely different from the observations. 
This discrepancy is evidence for the importance of solute on water 
movement in moist salinized soil. 
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SUMMARY AND CONCLUSIONS 
A theory is developed for describing water movement in vapor and 
liquid phases within unsaturated, nonisothermal, salty soil. Steady-
state heat and mass transfer experiments are performed for salinized 
and solute-free soil conditions. The transport coefficients and mag­
nitudes of water fluxes are determined for the moist salinized soil 
column. The conclusions based upon the observations §^e as follows; 
1. The vapor diffusivities are much smaller than the liquid dif-
fusivities for the soil conditions investigated. 
2. The thermal vapor diffusivities are the largest while the vapor 
diffusivities due to solute are the least among the vapor 
diffusivities. 
3. The isothermal liquid diffusivity is the largest and the thermal 
liquid diffusivity is the least among the liquid diffusivities. 
4. The liquid fluxes are larger than the vapor fluxes for this 
study. 
5. The thermal vapor fluxes are the largest and the isothermal 
vapor fluxes are the least among the vapor fluxes within the 
salinized soil column. 
6. The thermal liquid fluxes are the largest and the isothermal 
liquid fluxes are the least among the liquid fluxes for the 
salinized soil. 
7. Within these closed soil systems at steady-state conditions, 
the thermal flux is in opposite direction to the summation of 
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water fluxes due to matric and osmotic water potential gradients. 
8. The prediction of steady-state water distributions by the newly 
developed theory is in gtod agreement with the observed values. 
9. The predictions of steady-state water distributions for the 
salinized soil using the water flow equation of Philip and 
De Vries theory deviated from the observations. 
10. The solute effect should be taken into account in describing soil 
water movement in unsaturated, nonisothermal, salty soil. 
11. Development of two additional equations describing heat and 
solute transfer is recommended. The water flow, heat flow, and 
solute flow equations then could be solved simultaneously in 
order to test the theory under transient flow conditions. 
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NOTATION 
3 3 
a air-filled porosity (m /m ) 
b thickness of water film (A) 
cl clay fraction in the soil 
C solute concentration in soil solution (molal) 
2 D molecular vapor diffusivity in air (m /s) 
2 isothermal vapor diffusivity in soil (m /s) 
D vapor diffusivity due to solute concentration in soil 
(m kg s~^ mole"l) 
2 thermal vapor diffusivity in soil (m /s K) 
2 isothermal liquid diffusivity (m /s) 
2 -1 -1 liquid diffusivity due to solute concentration (m kg s mole ) 
2 Dtl thermal liquid diffusivity (m /s K) 
2 Dg isothermal water diffusivity (m /s) 
water diffusivity due to solute concentration (m^ kg s ^  mole ^) 
2 thermal water diffusivity (m /s K) 
h^ relative humidity due to total water potential 
h^ relative humidity due to matric water potential 
h^ relative humidity due to osmotic water potential 
2 g gravitational constant (m/s ) 
M mass in kg of a mole of water 
K hydraulic conductivity (m/s) 
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saturated hydraulic conductivity (iti/s) 
m parameter in water retention equation 
n parameter in water retention equation 
k unit vector in the positive vertical direction 
2 
q^ water liquid flux density (kg/m s) 
2 q^ water vapor flux density (kg/m s) 
2 
q^ net water flux density (kg/m s). 
R gas constant (J/mole K) 
r radius of curvature of the water-air meniscus (m) 
r^ radius of hydrated solute molecule (A) 
r^ radius of water molecule (2) 
T temperature (K) 
t time (s) 
Z gravitational potential (m) 
a parameter in water retention equation 
3 d Pg/d T (kg/m^ K) 
2 
Y surface tension of water (J/m ) 
n enhancement factor for thermal vapor transfer 
0 (6 - 8^)/(8g - 0^) 
3 3 
0J, residual water content (m /m ) 
3 3 
0g saturation water content (m /m ) 
3 3 
0 volumetric water content (m /m ) 
V number of ions per molecule for ionizing solutes 
3 
PL liquid water density (kg/m ) 
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3 
saturated vapor density (kg/m ) 
3 
vapor density (kg/m ) 
osmotic efficiency coefficient 
osmotic coefficient 
matric water potential (m) 
osmotic water potential (m) 
total water potential (m) 
tortuosity factor 
gradient operator 
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SUMMARY AND CONCLUSIONS 
Two separate studies were conducted, one for determining soil 
apparent thermal diffusivity under field conditions, and a second for 
water movement in unsaturated, nonisothermal, salty soil under labora­
tory conditions. 
Apparent thermal diffusivity of soil was determined from analysis of 
diurnal soil temperature observations. The first harmonic of soil tem­
perature was used for apparent thermal diffusivity calculations in Sec­
tion I, and multi-harmonics were used for estimating the thermal diffu­
sivity in Section II. The spatial distributions of soil temperature 
parameters (phase and amplitude of temperature wave) and heat flux phase 
were interpolated using the second- and third-order Taylor series and 
cubic spline in Section I while the cubic spline alone was used for the 
interpolations in Section II. 
In Section I, the cubic spline provided reliable values of soil 
thermal diffusivity values while the second- and third-order Taylor 
series sometimes provided physically unrealistic negative values with 
the nonuniform soil analysis. The results showed the failure of the uni­
form soil heat transfer theory for estimating the thermal diffusivity in 
nonuniform soil. 
In Section II, a method was presented to determine the soil thermal 
diffusivity by combining the values of thermal diffusivity obtained for 
individual harmonics into a single value. The method proved to be useful 
because a number of harmonic thermal diffusivity values can be grouped 
into a single combined value. "Negative values" of thermal diffusivity 
110 
can be satisfactorily handled by this method. The method is simple to 
use and is applicable to nonuniform soil conditions. 
Experiments were performed in closed laboratory soil columns to study 
water transport within unsaturated, nonisothermal, salty soil. Both sal-
inized and solute-free soil columns were used in the experiments. All of 
the experiments were performed under the same low and high boundary tem­
perature conditions. The results of these experiments were reported in 
Sections III and IV. 
In Section III, steady-state distributions of soil water content, 
temperature, and solute concentrations were presented for salinized and 
solute-free soil in closed systems. Appreciable amounts of water moved 
in the direction of decreasing temperature within the soil columns. 
Net transport of the liquid water phase was from the cold end towards 
the hot end while net transport in the vapor phase was from the hot end 
towards the cold end. Evidence for directions of liquid water transport 
was provided by the increased redistribution of solute towards the hot 
end of the soil column. Steady-state water content gradients in solute-
free soil were higher than in salinized soil under a similar initial 
water content. These observations indicate clearly the possibility for 
solute concentration to affect soil water transfer within unsaturated, 
nonisothermal soil. 
In Section IV, a theory describing both vapor and liquid phases 
of moisture transfer in porous material is developed. The theory in­
cludes six water diffusivities, three water diffusivities are for liquid 
phase flow and three for vapor phase flow. In general, the isothermal 
and thermal water diffusivities are in the range of literature values. 
The liquid diffusivities are much higher than the vapor diffusivities 
for the soil studied. The magnitude of thermal water flux was the 
largest and the isothermal water flux was the least. The water flux 
due in response to the solute concentration gradients is similar to the 
thermal water flux. The water flux due to solute gradients is larger 
than water flux due to water gradients because the solute concentration 
gradients are larger than the water content gradients. To test the new 
theory, a simple approach is used. This approach is based upon prediction 
of the observed steady-state water distributions of the moist salinized 
soil using the new theory. The predictions of soil water contents are 
in good agreement with the observed soil water contents using the new 
theory under the condition of this study. Also, Philip and De Vries 
theory is used for predicting the same observed steady-state soil water 
distributions. The predictions using the Philip and De Vries theory 
are different from the observed values. 
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APPENDIX A: MEASURED SOIL TEMPERATURE VALUES USED FOR 
ANALYSIS OF SECTION I 
Soil 
condition 
Time 
(hr) 0.025 
Depth (m) 
0.050 0.075 0 . 1 0 0  
Moist 1 
2 
3 
4 
5 
5 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2 2  
23 
24 
12.3 
11.6 
10.9 
10.3 
9.9 
9.5 
9.1 
9.4 
1 1 . 1  
12 
13 
15 
15 
19 
23 
26.7 
2 6 . 6  
25.8 
24. 
23. 
21. 
19. 
18. 
17. 
14.4 
13.6 
13.0 
12.4 
11.9 
11.5 
11.1 
10.9 
11.5 
12.7 
13.4 
14.5 
14.9 
17.0 
19.6 
22.3 
23.5 
23.8 
23.1 
2 2 .  
21. 
2 0 .  
19. 
1 8 .  
15.7 
15.0 
14.4 
13.8 
13.3 
12.9 
12.5 
12.2 
12.3 
13.0 
13.5 
14.2 
14.6 
15.7 
17.5 
19.6 
21.1 
21.9 
21.8 
21.7 
21.1 
20.4 
19.6 
18.8 
16.5 
15.9 
15.3 
14.8 
14.4 
13.9 
13.5 
13.2 
13.1 
13.4 
13.7 
14.2 
14.6 
15.2 
16.4 
17.9 
19.3 
20.3 
20.7 
2 0 . 8  
20.7 
2 0 . 2  
19.6 
19.0 
Dry 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
20.7 
2 0 . 0  
19 
18 
17 
16 
15 
16 
17.0 
18.0 
22.3 
21.5 
2 0 . 8  
2 0 . 0  
19.3 
18.5 
17.9 
17.6 
17.9 
18.3 
23 
22  
21 
20 
20 
19.7 
19.2 
18.7 
18.6 
18.7 
23.4 
22.7 
22.1 
2 1 . 6  
2 1 . 0  
20.4 
19.8 
19.4 
19.2 
19.2 
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11 20.2 19.4 19.3 19 
12 20.9 20.3 19.9 19 
13 22.8 21.4 20.5 20 
14 24.7 22.3 21.2 20 
15 26.7 23.6 22.1 21 
16 26.2 24.3 22.9 21 
17 26.6 24.8 23.4 22 
18 26.1 24.8 23.7 22 
19 25.2 24.7 23.8 23 
20 24.6 24.2 23.7 23 
21 23.4 23.5 23.3 23 
22 21.6 22.5 22.7 22 
23 20.1 21.3 21.9 22 
24 18.7 20.4 21.1 21 
3 
8 
1 
6 
2 
9 
5 
8 
1 
1 
0 
6 
1 
5 
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APPENDIX B: VOLUMETRIC STEADY-STATE WATER CONTENT (WC) AND SOLUTE 
CONCENTRATION (CON) VALUES FOR THE SALINIZED SOIL COLUMNS 
AND VOLUMETRIC STEADY-STATE WATER CONTENT VALUES 
FOR THE SOLUTE-FREE SOIL COLUMNS (SECTION III) 
Distance 
(m) 
(from 
cold face) 
Salinized Solute-free 
WC CON, molal WC 
Moist Dry Moist Dry Moist Dry 
0.005 0.187 0.169 0.061 0.088 0.224 0.212 
0.015 0.178 0.165 0.118 0.332 0.221 0.204 
0.025 0.169 0.150 0.244 0.831 0.210 0.193 
0.035 0.159 0.126 0.485 1.379 0.209 0.173 
0.045 0.151 0.091 0.728 ^1.577 0.202 0.112 
0.055 0.148 0.089 0.872 *1.581 0.194 0.085 
0.065 0.143 0.073 1.027 1.880 0.171 0.075 
0.075 0.137 0.069 1.054 1.763 0.145 0.071 
0.085 0.134 0.071 1.096 1.668 0.133 0.071 
0.095 0.129 0.069 1.142 1.688 0.11« 0.069 
0.105 0.126 0.066 1.164 1.635 0.105 0.066 
0.115 0.124 0.065 1.113 1.800 0.089 0.066 
0.125 0.119 0.065 1.306 1.800 0.085 0.063 
0.135 0.116 0.066 1.482 1.836 0.083 0.062 
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APPENDIX C: STEADY-STATE TEMPERATURE VALUES, °0, FOR THE SALINIZED 
AND SOLUTE-FREE SOIL COLUMNS (SECTION III) 
Distance 
(m) 
( from 
cold face) 
Salinized Solute-free 
Moist Dry- Moist Dry 
0 .000  
0.040 
0 .080  
0.100 
0.120 
0.140 
8.93 
13.62 
16.69 
17.48 
18.47 
19.02 
9.32 
14.66 
17.47 
18.14 
18.95 
19.46 
9.19 
13.86 
16.42 
17.50 
18.40 
18.96 
9.36 
13.84 
16.69 
17.58 
18.45 
19.03 
